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toxins M z • M t • G z • G t , and B t were completely resolved and B z was satisfactorily separated on aCtS (10 ,urn. 4 mm id X 30 em) column with an eluting solvent of acetonitrile.water (35+ 65) and flow rate of 1.5 ml/min. Compounds were detected by ultraviolet absorbance at 350 nm. Peak height and retention time reproduci. bility of multiple injections was excellent with coefficients of variation of 1.00/0 (M t ) and 1.9% (B t ) when laboratory temperatures were relatively constant throughout a day; however, coefficients of variation increased significantly when temperatures varied by 10°F. HPLC determinations of aflatoxin B t added to uncon· taminated corn extracts at 20 and 50 pph levels were 83::::14 and 92.5::::8%, respectively, of those expected. Comparison of corn extract assays (6-98 pph B t ) by thin layer chromatog. raphy (TLC) and HPLC revealed that HPLC values averaged 25 % less than TLC values.
Numerous peaks and background interferences were present in corn extracts which made interpreting chromatograms difficult. None of the cleanup procedures tried was successful in removing these interferences. Preparative HPLC was used to isolate and purify quantities of aflatoxins l'tlt, B 1 , and G 1 from silicic acid col.
umn mbctures of Mt-M z • B1"B z , and G1"G z • Separations were achieved on Cls/Porasil B (35-75 ,urn) columns (%" od X 8') developed with acetonitrile-water mixtures (M 1 , 20+80; B t , 35+65; G t , 25+75) at 9.0 ml/min. These columns permitted isolation of 40 mg aflatoxin B 1 or G t in less than 3 hr. Aflatoxin M t required 2 HPLC steps.
Most analytical methods for determining aflatoxins use thin layer chromatography (TLC) and either visual or densitometric measurement of their fluorescent zones. These techniques have provided analysts 'With very sensitive methods; however, they are not without problems. ResoThe authors are Associate Reieree. on Aflatoxin~! and on Grains. respecti"ely.
lution of aflatoxins on TLC plates varies from day to day due to changes in laboratory conditions, and precision expressed as coefficients of variation for standards are 5-10% (densitometric) (1) and 20-28% (visual) (2) . Recent advances in high pressure liquid chromatographic (HPLC) instrumentation and column packings have suggested that HPLC could be a rapid, reliable analy'tical tool for routine aflatoxin analysis. HPLC has some advantages over TLC because it would eliminate exposure to air and light-conditions that cause degradation of aflatoxins. Also, HPLC systems can be automated while TLC cannot.
Several reports (3) (4) (5) (6) (7) (8) (9) have been published that discuss necessary HPLC parameters and conditions for aflatoxins, and only 3 (5, 7, 9) were successful in completely resolving all 4 primary aflatoxins. Seitz (6) tested actual corn extracts that contained 30, 50, and 150 ppb B t , and Kmieciak (9) assayed ground nut meal at levels of 100-1500 ppb, but no one tested commodity extracts at the important low levels (0-20 ppb).~Jost published solvent systems that resolved the toxins were used with normal phase HPLC columns containing activated silica gel and required water-saturated methylene chloride and/or chloroform as components (3-5, 7). We were not able to reproduce the published separations probably because temperature variations in the laboratory change the quantities of water dissolved in the mobile phase.
Reverse phase HPLC uses columns packed with octadecylchlorosilane bonded to silica gel. These columns, known as C 18 columns, use mobile phases that have water as a primary component. Seitz (6) was unsuccessful with this technique, but he did not try the new, small particle (10 ,!Lm) reverse phase columns. In this manuscript, we report the successful resolution of aflato:\ins B l , B z , GlJ G z , M l , and M: by: reverse phase HPLC and results obtained for low This paper was presented a.t the 90th Annual~!eeting oi the AOAC, Oct. 13-21. 1976 . at Washington. DC.
Purchased by U. S. Dept. of Agriculture for Official Use level corn extracts. The isolation and purification of afiatoxins B t , G t , and M t by reverse phase preparative HPLC is also described.
Experimental

Solvents
All solvents for HPLC were spectroquality grade (Burdick & Jackson Laboratories,~c., Muskegon, :YU). Distilled water for analytlCal seoarations was purified by HP1C through a %" (~d) X 24" column packed with Bondapak C 18 1
Porasil B (3i-i5 j.lm) OYaters Associates, Inc., Milford, MA). Acetonitrile-water mixtures were allowed to sit 2 hr before use to eliminate bubbles.
Analytical Aflatoxin Standard.!
A standard solution (in methanol) was prepared from individual stock aflatoxin solutioIlS to give the following concentrations: 10.0 j.lg .B 1 and G 1 1 ml, 5.0 j.lg·M 1 /ml, 2.0 j.lg B 2 and Gdml, and 1.0 j.lg M 2 /ml. This-standard solution was dispensed in ampoules, sealed, and frozen.
Aflatoxin for Preparative High Pressure Liquid
Chromatography \Vlleat (8 kg) molded with AspergillU8 fiavU8 NRR1 3251 from previous studies (10, 11) was extracted with CHCIg. Aflatoxin was precipitated by hexane and partially purified by silicic acid column chromatography (12) . Similar fractioIlS from columIlS were pooled, and aflatoxins were precipitated to give products of B 1 , B 1 -B 2 , and M 1 -M 2 (trace B r B 2 ). The latter 2 pro_d~cts were used in these studies. The B 1 -B 2 preCIpItate was 900/0 cure (85% B 1 and 50/0 B 2 ) as determined by HP1C and TLC. Aflatoxin M material from silicic acid columns was impure 00-12% total ailatoxins), containing 0.2-1% B 1 and B 2 and 85-900/'0 colored impurities. Aflatoxin G 1 -G 2 is not produced by NRRL 3251, so material from another work (13) was used. This material was composed of 8i% G 1 and 5% G 2 as determined by T1C.
High Pressure Liquid Chromatographic Equipment
All separatioIlS were performed with a Waters A1C-202 liquid chromatograph equipped with 2 M-6000 pumps, 660 sobrent programmer, U6K septumless injector, ultraviolet ('[IV) (350 nm) detection system, and 10" dual pen recorder (Houston Instruments, Austin, TX).
AnalY'tical High Pressure Liquid ChromatographY'
A j.lBondapak C 1S column (4 mm id X30 cm, 10 j.lm oarticle size) (Waters As..."Ociates. Inc.) was developed with acetonitrile-water (35+65) at 1.5 185 ml/min.•-ulatoxins were detected by tTV (350 nm) at 0.02 or 0.04 absorbance unit full scale (Ati"FS) and quantitated by peak height (mm) measurement and by electronic integration of peakB. To measure the effect of corn contaminants on HPLC determinations, extracts of anatoxin-free corn were prepared by CB method (14) and anatoxin B 1 was added to extracts at 20 and 50 ppb levels. For comoarison studies, anatoxin-contaminated corn extr~cts were prepared by CB method (14) and anatoxin was determined by TLC and densitometry. All extracts were evaporated under nitrogen,~edissolved in methanol (500 j.l1), and injected (25 j.ll) for HPLC determinations. HP1C values were corrected for sample used in TLC assays.
Preparative High Pressure Liquid Chromatography
Bondapak Cts/Porasil B preparative reverse ohase column packing (3i-i5 j.lm, Waters Asociates, Inc.) was hand-packed into four %" (od) X 2' stainless steel columns. Columns were joined in series to give 8' column. Each~ toxin mixture from silicic acid _column was dissolved in methanol-CHClg (30+iO) for injection (ca 40 mg anatoxinlinjection), and columIlS were develoned with acetonitrile-water mixtures (B r B 2 , 35+65'; G 1 -G 2 , 25+ i5; M 1 -M 2 , 20+80) at 9.0 ml/min. Aflatoxin M 1 -M z mixtures were injected and fractions of free M z and M 1 -M 2 were collected. All Mt-M z fractions were combined and rechromatographed after recovery from eluti~g solvent (see below) to obtain pure M 1 . Aflatoxln B 1 was isolated from B 2 by collecting pure fr~c tioIlS of each toxin during elution and by recycling mixtures of eluted B 1 -B 2 until complete separation was achieved. A similar procedure was used for aflatoxin G 1 -G 2 . Columns were rinsed with acetone after each complete preparative run to remove absorbed contaminants and with eluting soh"ent to prepare ior next sample injection.
RecotJery of Aflato;dns from Eluting Solvent
Column eluate (300 ml) containing pure toxin was mixed with 5% NaCI solution (300 mD in 1 L separatory funnel. Aqueous-organic mixture was extracted with three 150 ml portions of CHCIg. Combined CHCl 3 extracts were filtered through anhydrous NaZS04' concentrated to near dr:Ylless in vacuo, transferred to vial, and evaporated to dryness under nitrogen. Aflatoxins B 1 and G 1 were c~"stallized from hot CHCIg with absolute ethanol. B~th afiatoxins were pure by TLC and HPLC.
The mention of firm names or trnde products does~ot impiy tha.t they are endorsed or reeommended by the D.S. Aflatoxin M l was crystallized from hot methanol-CHC1 3 (15+85) with absolute ethanol. Crystalline
NIl was pure by TLC in isopropanol-acetone-CHC1 3 (3+10+87) and in water-methanol-<!ther 0+4+95), by HPLC, and by measurement of lIV absorptivity.
Results and Discussion
Three reverse phase solvent systems were found that separated afiatoxins on the analytical column -tetrahydrofuran -water, methanolwater, and acetonitrile-water. Tetrn.hydrofuranwater mb:tures produced broad peaks and a corresponding loss of sensitivity. The 4 primary aflatoxins were completely resolved with methanol-water (52+38) I but peaks were narrower and sensitivity was increased at (55+35). The latter minure would not separate all 5 aflatoxins because M l and G~eluted simultaneously. Five aflatoxins were completely separated and B~was partially resolved from G l in 10-12 min with acetonitrile-water (S5+55) (Fig. 1) . The elution order with this column and solvent mh"ture was The reproducibility of aflatoxins M l and B l peak heights is shown in Table 1 . Coefficients of variation were excellent (M 11 1.0%; B l , 1.9%) and are comparable to those reported for normal phase HPLC (7). These 2 toxins were chosen to determine what effect a longer retention time • Laboratory temperature increased from 71 to 81·F as measured by electronic thermometer. b Each injection of standard aflatoxin contained 100 ng 8" 50 ng M 1 and GI. 10 ng 82 and G2' and 5 ng M 2. Allatox· ins were separated on C,s column (10 )J.m, 4 mm id X 30 cm) with acetonitrile·water (35+65) at 1.5 ml/min. Retention times were measured by electronic integration of UV (350 nm) peaks (0.04 AUFS).
(B 1 ) produced. Retention time reproducibility (not shown) was excellent also. These data were obtained on a day when laboratory temperature remained relatively constant (71-74°F). When temperatures increased by lOoF, all retention times decreased up to a maximum of 60 sec for aflatoxin B 1 ( Table 2 ). This made accurate quantitation impossible because peak heights were constantly increasing. In another temperature experiment, peak areas were electronically integrated, in an attempt to compensate for the changes in peak heights and peak widths ( Table  3) . Coefficients of variation of 2.80-4.80% were determined for the completely resolved aflatoxins, whereas coefficients of variation of the unresolved aflatoxins B 2 and G 1 were 6.50 and 11.26%, respectively. Therefore, it is important to adjust the parameters to keep the retention times constant.
Another important parameter was the injection solvent. Normally, this solvent and the elution solvent are identical; however, corn extracts are not readily soluble in acetonitrile-water mL"(-tures. Standards prepared with acetonitrile or methanol-chloroform (30+70) produced no separation of B 2 and G 1 • Methanol was the best injection solvent because it permitted peak .separations and it dissolved sample extracts.
Sensitivity studies with standard solutions showed responses on chromatograms of 0.65-0.70 ng B1/mm peak height (0.02 AUFS); therefore, minimum detection limits of 3-5 ppb B 1 could be determined for corn extracts. However, when actual corn extracts were injected, numerous peaks were present that made interpreting chromatograms difficult. Only B 1 could be positively identified and measured in samples that contained <20 ppb aflatoxin. The effect of corn contaminants on HPLC determinations of aflatoxin B 1 added to uncontaminated corn extracts is given in • Laboratory temperature increased from 71 to 81·F as measured by electronic thermometer. ; Each injection of standard aflatoxin contained 100 ng 8,. 50 ng M, and GI. 10 ng 82 and G2. and 5 ng M2. Alia· toxins were separated by HPLC on C,s column (10 )J.m. 4 mm id X 30 cm) with acetonitrile-water (35+65) at 1. 5 ml/min. Areas were measured by electronic integration of UV (350 nm) peaks (0.04 AUFS). Table 4 . Effect of corn contaminants on HPLC determinations of aflatoxin B, added to aflatoxin-free extracts" Table 5 . Assays of aflatoxin-eontaminated corn extracts by HPLC and TLC om extracts were obtained by C8 method (14) .
Aflatoxin 81 was added at desired levels and mixtures were evaporated under nitrogen. Extracts were dissolved in methanol (500 1'1) and injections (25 loll) were developed on C,s column (10 I'm, 4 mm id X 30 em) with acetonitrile·water (35+65) at 1.5 ml/min. Peak heights were measured at 350 nm.
extracts is shown in Table 5 . Aflatoxin content determined by HPLC averaged 25% less than by TLC. When the variations inherent with both TLC and HPLC determinations are con· sidered, this difference is reasonable although not desirable. Several cleanup procedures (14-17) were tried, but none produced satisfactory chromato· grams. Thorpe and Stoloff (18) used a fluorescence detector to reduce interfering peaks because fewer compounds fluoresce than absorb LTV light. However, in liquids as opposed to TLC plates, the B aflatoxins are less fluorescent than the G aflatoxins, which results in sensitivity losses for the more toxic aflatoxin B l • These workers proposed forming hemiacetal derivatives of B l and G l (B~a and G~a) for improved sen· sitivity, but this procedure adds another step and a possible variable to the method. It ap· pears that a better cleanup system will be needed before routine HPLC analysis of aflatoxms in corn is feasible.
Most problems that have been discussed occur with samples containing low level aflatoxin contamination. However, these are not problems for production study samples because interferences are removed by dilution, which suggests that aflatoxins could be isolated and purified by preparative HPLC. Although the primary goal of the HPLC studies was to isolate pure aflatoxin M l , the necessary parameters were investigated for isolating B 1 and G l as well.
Aflatoxin :vI material contained small amounts Corn extracts were obtained by ca method (14) .
Extracts were dissolved in acetonitrile-benzene (2+98, 500 I'l) for TLC. evaporated under nitrogen, and redis.
solved in methanol (5001'1) for H PLC.
, Injections (25 1 '1) were developed on C's column (10 I'm, 4 mm id X 30 em) with acetonitrile-water (35+65) at 1.5 ml/min. Peak heights were measured at 350 nm.
Values were corrected for sample used in TLC assay.
e Measurement by densitometry of fluorescent zones. Aflatoxin ::VIl·:vr~residue was redissolved in methanol-chloroform (30+70) with difficulty and chromatographed a second time. No contaminants were eluted before ),J~and only small amounts of M 2 were present. Preparative HPLC of :-'J 1 had several advantages over regular column chromatog~aphy. All M I was separated from ::VI 2 ; therefore, more pure ?vII was available for crystallization. Less time was required to purify crude material by HPLC.
Pure aflatoxin B l is not difficult to obtain by regular column chromatography, but increased yields and decreased isolation time are possible by HPLC. Our instrument permits col· lecting fractions or passing the column eluate back through the column to further separate unresolved compounds. The latter process, known as recycling, was used for B1-B~mi'ctures and achieved complete separation of 35-±0 mg in 3 hr with acetonitrile-water (35+65) (Fig. 3) . In the first 26 min, considerable polar impurities were collected and discarded. A.£Iatoxin B z began to elute and was collected for i min. Ailatoxins B 1 and B~were well separated by fraction collecting and recycling. Only small amounts of B z were present in the last cycle and they were easily removed from B 1 • With this system, one , can prepare 80 mg pure B 1 per day.
Separation of ailatoxins G 1 and G~by preparative HPLC was similar to that shown for B 1 and B 2 except the mobile phase ratio was 25 + 75. Free G 1 was obtained in less than 2 hr. It should be noted that if G 1 -G 2 material is contaminated i'lith B 1 -B z , 2 HPLC steps will be needed as described for M 1 -:vI Z ' When all preparative HPLC data were examined, the possibility e:\.isted that silicic acid chromatography could be eliminated by stepgradient HPLC. This procedure was tried with a crude aflatoxin precipitate. After injection, the column was developed with acetonitrile-water (10+90,20+80,25+75, and 35+65), and fractions were collected as chromatographic peaks emerged. Analytical HPLC revealed that stepgradient elution was unsuccessful. Some Band G aflatoxins were eluted with M 1 by the (20+ 80) solvent, and all remaining B 1 , B 2 , G 1 , and G 2 were eluted with (25+75). Evidently, some mobility and bond spreading do occur in the more polar mixtures. Fractionation of aflatoxins by silica gel column chromatography is still needed before preparative HPLC is attempted.
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